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SUMMARY. 

Results  are  presented  of  stress-strain  tests  rerformed  at  various  temperatures 
and  strain  rates  on  materials  filled  with  various  amounts  of  sodium  chloride 
particles  with  a  mean  size  of  0.1  mm.  Stress  and  straih  at  rupture  decreased  with 
increasing  filler  content.  For  each  material  investigated  it  was  possible  to 
construct  the  well-known  failure  envelope  by  means  of  which  the  results  could  be 
described  adequately. 

The  dewetting  of  the  particles  in  the  rubbery  matrix,  sometimes  resulting  in 
a  maximum  in  the  stress-strain  curve,  is  ascribed  to  failure  of  the  rubber  between 
the  particles  and  not  to  failure  of  the  rubber-salt  bond,  because  the  dewetting 
maximum  was  dependent  on  temperature  and  time  in  the  same  way  as  the  rupture 
properties  of  the  unfilled  material. 

The  results  are  compared  with  earlier  investigations,  e.g.  high  speed  tensile 
tests  and  creep  experiments,  and  a  good  agreement  is  found. 
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.  SEDUCTION. 

In  the  design  of  solid  rocket  motors,  a  thorough  knowledge  of  the  mechanical 
behaviour  of  solid  propellant  grains  is  very  important.  We  especially  mention  the 
formation  of  cracks  in  the  propellant,  which  leads  to  malfunction  of  the  motor. 
Cracks  may  be  formed  during  storage;  they  ore  then  due  to  shrinkage  or  thermal 
stresses.  Or  during  combustion,  when  they  ore  due  to  combustion  pressure  or 
acceleration  forces. 

The  composite  propellant  under  stucy  consists  of  a  polyurethane  rubber  filled 
with  ammonium  perchlorate  particles.  For  ease  of  handling,  we  have  so  far  used 
model  substances  consisting  of  the  same  rubber  but  filled  with  an  inert  material, 
viz.  sodium  chloride.  Various  fractions  of  NaCl  were  used.  The  influence  of  filler 
size,  shape,  concentration  and  surface  treatment  on  the  mechanical  behaviour  of 
those  materials  was  studied  and  reported  earlier  (  ). 

The  present  report  describes  failure  properties  of  the  model  ;.iaterials  filled 
with  salt  particles  of  one  particular  size  (about  0.1  nan)*  tensile  tests  were 
performed  on  dumb-bell-shaped  specimens  at  various  temperatures. 
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2.  MATERIALS. 

All  samples  of  filled  and  unfilled  polyurethane  rubbers  investigated  were 

based  on  a  linear  (polypropylene  ethor)glycol  (Desmophon  3600,  Fatten  Fabriken 

Bayer,  Leverkusen,  Germany)  with  a.  molecular  weight  of  about  2000,  The  molecules 

of  this  polyether  were  lengthened  with  toluene  diisocyanate  and  crosolinked  by 

means  of  trimethylol  propane  in  the  presence  of  a  catalyst.  Full  details  concent* 

ing  the  preparation  of  these  filled  and  unfilled  rubbers  wore  given  previously 

(1,2.7). 

A  series  of  staples  was  prepared  containing  various  amounts  (0,  15,  30  and 
45/-  by  volume)  of  sodium  chloride  particles  of  about  ICO  urn  [fraction  no.  4  (^)» 
labellod  90-105  pm,  with  largest  dimensions  between  50  and  175  um  and  smallest 
dimensions  between  25  and  1 00  urn]  •  No  surfactant  was  used  in  the  preparation  of 
these  materials.  In  order  to  provide  sufficient  material  for  this  study,  all 
compositions  were  made  in  sixfold. 

*) 

Details  of  each  batch  are  given  in  Table  1  .  This  table  contains,  for  each 

batch,  the  chemica.l  composition  of  the  prepolytner;  the  content  of  filler,  as 
calculated  from  the  weights  of  the  ingredients  used,  and  as  calculated  from  the 
density;  the  fraction  number  and  the  size  of  the  filler;  the  equilibrium  swelling 
ratio  (/’  vol.  increase)  in  two  different  solvents  (chloroform  and  trichloroethyl¬ 
ene)  ;  tho  density,  d.  Details  of  those  routine  control  measurements  were  given 
2 

earlioi{  ).Tho  last  column  of  Table  1  gives  the  temperatures  at  which  stress- 
strain  tosta  were  performed. 

From  Tnblo  1  it  is  seen  that  the  chemical  composition  of  the  rubbery  binder 
was  approximately  the  same  for  all  ssmplos  prepared  (columns  2,  3»  4).  Columns  5 
and  6  show  that  the  differences  botwoon  tho  volume  oonc  atrotion  as  calculated 
from  the  weights  of  the  ingrolionts  used  and  that  calculated  from  the  density  ore 
smaller  than  1,0  vol./->. 

As  there  exists  a  distinct  relationship  between  crosslinking  density  and 
equilibrium  swelling,  a  constancy  of  swelling  data  (columns  10  ft  11 )  indicates 
a  constancy  of  the  cr^ao- linking  donsity. 

The  materials  woro  stored  at  20°C  end  655^  relative  humidity  for  at  least  14 
days  prior  to  tho  rr.cidning  of  tost  specimens. 
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3.  BXJPERIHBHTAI.  TECHNIQUE. 


Dumb-bcll-ahaped  specimens  were  machined;  on  a  modified  Maximat  Standard  ' , 
from  the  materials  described  above,  Shape  and  dimensions  are  given  in  Pig.  1. 

Stress-strain  measurements  rare  performed  on  a  tensile  testing  machine  at 
varios’3  cross-head  speeds  (;0,  20,  40  and  60  cm/min),  a  .  at  various  temperatures 
(-45,  -40,  -33,  -30;  -20,  0  and  30 °C/ , 

A  small  tensile  tester,  developed  by  the  Rubber  Research  Institute  TWO,  was 
kindly  placed  at  our  disposal  by  the  said  institute.  A  cabinet  was  placed  around 
the  specimen,  including  the  grips,  and  thermostated  gas  was  blown  into  the  chamber. 
For  temx)orature3  above  ambient,  electrically  heated  air  was  used.  For  temperatures 
below  ambient,  air  was  blown  along  solid  CC^.  In  the  cabinet,  a  temperature  sensor 
operated  an  electrical  heating  dovvo  ml  thus  regulated  tire  temperature.  The 
sensor  element  was  calibrated  with  v.  tnermcixte?  placed  in  the  cabinet. 

The  tensile  force  w.'s  measured  with  a  force  transducer  at  the  upper  clamp 
(the  lower  clamp  was  the  driven  clamp).  The  electrical  output  of  this  transducer 
was  fed  to  a  strip  chart  recorder.  The  voltage  of  tne  signal  was  printed  digitally 
at  fixed  time  intervals  ox'  sec.  These  data  vre-^e  used  for  evaluation  of  the 
results,  using  a  digital  computer,  eftarvardn. 

The  tensile  stress,  c  .  was  r.  Iculated  with  respect  to  the  original  cross-sec¬ 
tion  of  tiie  prismatic  part  of  the  specimen. 

The  tensile  strain, t  ,  of  the  prismatic  port  of  the  specimen  depends  cn  the 
displacement,  i l ,  of  the  claim  a.  An  the  cross-section  is  not  uniform  and  the 
material  behaves  nm-Hookem.,  e.n  exact  value  Tor  e  cannot  be  obtained  from  the 

clamp  di;  placement.  T.  mini  mu...  c  .  ,  is  found  by  assuming  the  material  to  be 

tain 

Hookenr  evorywhoro,  an4  n  rnxirti*:.,  e  .  by  assuming  that  the  heads  of  the  apoci- 
nen  do  not  do  form  at  .7 11: 

^  \  ^  \ 

- — - I <e<  —  -  U) 

1,  *  a  -l’)  \i,l  v  u,  / 

In  this  exp  .-ear  ion.  1  v-t-v  Fift.  •)  doj.otes  the  length  between  the  nvipfi,  b  denot:;,' 
the  ar.llcrt  r;?l  b,  ‘he  largest  width  of  tho  specimen.  For  1J  the  near,  value 
of  11  nnu  in  chengn,  1  ir  appro.- is»..t*ly  ruprcsesitativc  for  the  pritmatic  ;»art 
of  the  .ipecia*  n, 

•  )  . . . -  —  — —  —  -I'-..-.  --- —  —  — . ——————  » — — — —  ■ 

Hftier  &  Co.  Hall-  in,  Austria. 
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Shortly  al’ter  the  start  of  the  experiment,  deformations  are  amall,  and  e  will 

be  close  to  c  ,  }  near  the  end  of  the  test  the  heads  show  little  or  no  dewetting, 
min 

so  e  will  be  closer  to  e  .  For  convenience,  the  mean  value  of  e  and  e  .  was 

max  max  min 

chosen  as  representative  for  s.  From  the  dimensions  of  the  dumb-bell  according  to 
Fig.  1  it  follows  that 

e  =  1.48  (Al/l2)  (2) 

However,  the  real  strain  may  differ  up  to  from  tiiis  value. 

Using  this  result,  it  was  found  that  the  four  cross-head  speeds  mentioned 

earlier  correspond  to  strain  rates  of  respectively  0.025,  0.05,  0.1  and  0.1*5  s**1 . 

These  figures  are  much  smaller  than  the  strain  rates  at  which  similar  materials, 

/9\ 

prepared  in  our  laboratory,  were  tested  at  Columbia  Univex’sity,  Hew  York  ( 

0.37,  2.77,  7.40  and  23.1  s  ^ .  The  results  of  "Columbia"  will  be  compared  with  our 
results  in  the  present  report. 
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4.  DISCUSSION  OF  RESULTS. 

4.1.  Stress-strain  data. 

A  considerable  spread  (+  30/-)  was  observed  between  the  rupture  properties  of 
individual  specimens  from  the  same  batch.  An  investigation  concerning  the  ultimate 
stress  at  +30°C  of  a  number  of  specimens  from  various  batches  revealed  that  the 
mean  'alues  of  about  5  measurements  on  specimens  from  one  batch  were  rather  close 
to  those  of  tests  of  other  batches.  From  tiiis  finding  it  was  concluded  that  the 
batches  are  practically  identical  with  respect  to  their  ultimate  properties. 

Sometimes  rupture  was  observed  at  one  of  the  ends  of  the  prismatic  part  of 
the  specimen,  indicating  that  machining  of  specimens,  or  the  shape  of  the  specimen, 
needed  improvement.  Results  obtained  with  these  specimens  were  not  rejected, 
however,  because  no  deviations  from  the  general  behaviour  were  observed. 

Representative  results  of  stress-strain  measurements  at  various  temperatures 

are  shown  in  Pigs  2,  3,  4  &  5»  each  diagram  relates  to  one  particular  filler 

content.  The  curves  presented  in  these  pictures  give  representatively  selected 

mean  values  from  about  5  tests.  Pig.  2  shows  results  for  the  unfilled  material. 

hlth  decreasing  temperature,  the  strain-at-break,  e,  ,  reaches  a  maximum,  whereas 

the  stress-at-break,  a  ,  increases  continuously.  The  maximum  observed  in  the 

b 

stress-strain-curve  at  -45  C  has  not  yet  been  explained. 

Figs  3,  4  and  5  shew  results  for  tne  filled  rubbers,  e^  and  depend  in  the 
same  way  on  temperature  as  do  the  rupture  properties  of  the  unfilled  material,  A 
definite  maximum  in  the  stress  occurs  at  low  temperatures  for  all  filled  materials. 
For  the  45/-  filled  material,  this  also  shows  up  at  room  temperature.  This  maximum 
can  be  attributed  to  a  tearing  of  the  rubber  bridges  between  particles,  the  so- 
called  dewettiag.  Because,  in  these  regions,  the  rubber  is  strained  comparatively 
more  than  the  specimen  as  a  whole,  the  deweiting  takes  place  at  a  comparatively 
low  over-all  deformation.  This  dewetting  phenomenon  will  be  discussed  in  more 
detail  in  Section  4.4. 

Each  of  Figures  6  to  12  gives  the  stress-strain  diagrams  at  one  constant 
temperature  for  various  amounts  of  filler.  Observe  that  stress  as  well  as  deforma¬ 
tion  at  rupture  appear  to  decrease  with  increasing  filler  content. 
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4.2.  Modulus  of  elasticity. 

The  modulus  of  elasticity,  Young's  modulus  E,  was  calculated  from  the  initial 
slope  of  the  stress-strain  curve. 

The  t«j:«ile  tester  used  in  our  experiments  was  not  entirely  suitable  for  this 
type  of  teats:  one  of  the  troubles  was  that  perfectly  straight  clamping  was  impossi¬ 
ble.  It  was  estimated  that,  because  of  this  inconvenience,  the  initial  slope  could 
be  in  error  up  to  a  factor  of  two.  Despite  this  the  modulus  was  calculated  from 
the  initial  slope.  This  was  done  according  to  the  formula: 

E  =  cr(l+e)/e  (3) 

In  Fig.  13>  Young's  modulus  E  is  plotted  for  the  four  different  filler  concentra¬ 
tions  as  a  function  of  temperature  (open  symbols).  The  filled  symbols  are  results 
obtained  by  tensile  creep  measurements  on  the  same  materials  (  ).  Also  inserted 
are  results  (crosses)  of  tensile  tests  at  high  strain  rates  carried  out  at 
Columbia  University  on  similar  materials  [  l^) ,  Figs  1  and  9}.  Moduli  calculated 
from  these  results  in  general  appear  to  be  50  to  100^  higher  than  our  results.  In 
view  of  all  the  possible  errors,  and  the  fact  of  the  differences  in  the  testing 
speed,  this  range  of  agreement  is  satisfactory. 

4 • 3  >  Failure  envel ope . 

It  is  known  from  the  literature  C ^  ' ^)  on  rupture  properties  of  filled  and 
unfilled  rubbers  that  a  relationship  exists  between  <T  ,  time  to  break,  t^, 
and  absolute  temperature,  T.  This  relationship  is  described  by  a  curve  in  a  three- 
dimensional  space.  Along  the  three  orthagonal  axes  are  plotted  respectively 
(273  o^/t),  e^,  and  the  reduced  time-to-break,  t^/ .  Quantity  is  the  well- 
known  time-temperature  shift  according  to  the  U.L.F. -equation: 

log  aj  =  -  c1 (T-Tq)/(c2+T-To)  (4) 

The  values  for  were  obtained  from  torsional  pendulum  and  torsional  creep 

measurements  at  small  deformations.  The  shift  factors  for  the  various  temperatures 

,6\ 

were  partly  published  (  ),  and  partly  obtained  from  measuremen ts  not  yet  reported. 
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Unfilled  rubber  and  materials  filled  with  various  amounts  of  sodium  chloride  were 

investigated,  as  is  indicated  in  Fig,  14  by  different  symbols.  A  curve  according 

to  Eq.(4)  was  drawn  through  the  individual  points.  By  trial  and  error  it  was 

found  that  the  best  fit  was  obtained  through  U3e  of  the  following  constants: 

Tq  =  -35°C,  c^  =  27.6,  =  38°C.  Tq  was  arbitrarily  chosen  as  a  reference 

temperature.  The  shift  can  be  referred  to  another  temperature,  T  ,  by  replacing 

1 6  ^ 

the  constants  in  Ea,(4)  by  new  constants  c^  and  c (  ) 


c  =  c„  +  T  -  T 
2  2  o  o 


■  W* 


(5) 


When  the  glas- transition  is  taken  as  a  reference,  we  find  that  T  =  T  =  -52  C  (  ), 

—  ■—oo  ^  ®  . 

c  =  21 ,  c  =  50  C.  Above  ^  C  no  values  for  the  shift  factor  a_  were  available; 

according  to  Williams,  Landel  and  Ferry  (  ),  the  equation  for  the  shift  factor 

holds  up  to  100°C  above  T  .  As  a  consequence,  an  extrapolation  up  to  -<40°C  should 

& 

be  justified. 

When  the  curve  mentioned  before,  representing  the  relationship  beti/een  e^» 
tfe  and  T,  is  projected  onto  the  o^,  e^-plane  we  obtain  the  so-called  failure- 
envelope.  This  is  shown  for  the  four  materials  under  investigation  in  Fig,  15«  A 
rather  large  spread  is  observed,  but  this  is  not  unusual  for  tnis  type  of  invest!- 
gations  (  ').  Fig.  16  gives  the  upper  part  of  the  failure-envelope,  in  vfhich 
different  symbol  fillings  are  used  for  the  four  different  temperatures  in  order 
to  show  each  temperature  dependence.  The  impression  is  that  measurements  belonging 
to  one  temperature  lie  on  straight  lines  making  a  fixed  slope,  around  unity,  with 
the  axis.  This  may  be  explained  as  follows.  Each  stress-strain  curve  makes  a  slope 
of  around  unity  near  the  rupture  point  and  the  stress-strain  curves  of  all 
'ixperiments  are  very  much  alike.  Rupture  occurs  at  various  positions  along  this 
curve,  resulting  in  the  observed  scatter.  For  ir<. reusing  filler  content,  the 
stress-strnin  curves  become  more  Horizontal  at  their  end  and  the  rupture  points 
lie  more  on  a  horizontal  line. 
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The  two  other  projections  of  the  curve  are  shown  in  Figs  17  and  18,  According 

to  Eq. (4) ,  time  and  temperature  are  interrelated.  Therefore,  the  horizontal  scale 

in  Figs  17  and  18  is  at  the  same  time  a  scale  for  a  reduced  temperature.  The  time- 

temperature  relationship  is  not  a  simple  expression;  for  reasons  of  simplicity  we 

only  indicated  at  the  horizontal  axis  the  temperature  for  a  rupture-time  of  60 

seconds.  As  in  our  measurements  the  variations  in  strain  rate  were  rather  small, 

points  referring  to  the  same  temperature  tend  to  cluster. 

It  was  mentioned  earlier  that  shape  and  level  of  the  curves  show  a  spread  of 

about  30p.  As  can  be  seen  from  Fig.  18,  materials  with  0  and  45/-  filler  differ  a 

factor  of  2  to  10  in  rupture  strain.  The  magnitude  of  this  effect  is  well  beyond 

the  experimental  spread.  It  may  be  concluded  that  the  deformation  at  rupture 

decreases  with  increasing  filler  content. 

The  stress-at-break,  is  not  subject  to  geometrical  errors.  Comparing  the 

Ojfa  and  45/-  filled  materials,  we  observe  a  decrease  of  a  factor  of  5  at  low  and  a 

factor  of  2.5  at  high  temperatures.  Tire  highest  value  for  the  unfilled  material 
7  2 

is  5  x  10'  N/m  .  This  value  is  in  accordance  with  corresponding  values  given  in 

7  2  11 

the  literature:  =  4.4  x  10 '  N/m  for  a  natural  rubber  vulcanisate  (  )  and 

=  5  x  107  N/m^  for  3BR  rubber  0^), 

At  Columbia  University,  New  York,  tensile  tests  were  performed  on  similar 
/9\ 

materials  (  J.  Up  to  dewetting  the  curves  are  similar,  but  thereafter  rupture  was 

found  at  much  lower  strains,  obviously  because  specimens  of  another  shape  were 
*) 

used  which  gave  more  stress  concentrations  in  the  clamps  than  the  type  of  dumb¬ 
bell  used  in  our  investigation.  Therefore ,  a  comparison  of  these  results  with  ours 
had  to  be  restricted  to  the  dewetting  phenomenon  and  was  not  extended  to  the 
ultimate  rupture  propsrties, 

4.4.  Dewetting. 

The  maximum  in  the  stress-strain  curve  is  ascribed  to  dewetting;  it  coincides 
with  bliinching  of  the  specimen.  Dewetting  i*  the  failure  of  the  rubber  around  the 
particles,  or  breakage  of  bonds  between  rubber  and  particle.  Vacuoles  are  formed 
and  the  volume  of  the  specimen  increases  suddenly  0  )•  If  this  process  is  due  to  a 
failure  of  the  rubier,  det/etting  should  have  the  same  time  and  temperature 
dependence  as  failure  of  unfilled  rubber.  Therefore,  wo  investigated  the  relation¬ 
al  "  1  . . —  '■  —  '  ■  I  —  I  —  I  I  I  II  I  .  ■  II 

The  ratio  of  amllcst  to  lcrgeot  width,  b^-b(,  "ns  ?  in  our,  and  1.5  in  Columbia's 
investigations. 
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ship  between  dewetting  time  t^,  defonaation  at  dewetting  e^,  and  stress-at-dewetting 
Cj  in  the  same  way  as  was  done  for  the  rupture  properties.  For  practical  reasons 
it  was  assumed  that  the  maximum  in  the  stress-strain  curve  represents  the  breakage 
of  this  intergranular  rubber,  although  this  breaking  goes  on  beyond  the  yield 
point.  Because  the  most  pronounced  maxima  were  found  for  the  highest  filler 
concentrations,  the  investigation  was  restricted  to  these  materials.  Results  are 
indicated  by  crooscs  in  Figs  19  and  20.  In  the  same  diagram,  broken  lines,  copied 
from  Figs  16  and  17,  are  drawn,  corresponding  to  specimen  rupture.  Also  inserted 
are  results  from  the  literature,  namely:  dewetting  maxima  from  tensile  tests  at 
high  strain  rates  \  ),  and  rupture  stresses  from  tensile  creep  experiments  (  ). 

Upon  studying  Figs  19  and  20  it  will  be  evident  tiiat  the  dewetting  stress,  c^, 
depends  in  the  same  way  on  the  reduced  rupture  time  as  the  breaking  stress,  c^, 
for  an  unfilled  material;  apart  from  the  dewetting  stresses  of  the  45, j  filled 
materials  being  a  factor  of  4  lover  than  the  bre-nking  stresses  of  the  unfilled 
material.  The  same  holds  for  the  deformation  which  appears  to  be  a  factor  of  20 
lower  than  for  the  unfilled  rubber.  These  differences  can  easily  be  understood, 
because  the  strain  in  the  rubber  between  the  particles  is  much  greater  than  the 
macroscopic  strain.  T.L.  Smith  (  )  derived  an  expression  for  the  ratio  of  yield 

and  rupture  strain: 


e,/e,  =  1  -  1 .105  c 
d  o 


1/3 


(6) 


in  which  c  denotes  the  volume  fraction  of  the  Tiller;  at  c  =  455->  tliia  equation 
predicts  a  factor  of  about  0.15,  which  is  not  in  contradiction  with  our  findings. 

lie  conclude:  because  the  dewetting  phenomenon  depends  on  time  and  tempera¬ 
ture  in  the  same  way  n3  do  the  ultimate  properties  of  the  rubber  matrix,  we  are 
very  probably  concerned  with  a  process  of  failure  in  the  rubber  itself  rather 
than  a  failure  of  bonds  between  ruber  and  particle. 

Independent  evidence  for  this  viewpoint  was  obtained  from  microscopic  ob¬ 
serve  lions  of  separate  devetted  salt-particles  fallen  from  the  broken  specimen, 
'./hen  water  was  added,  it  was  roar  tr  t  the  salt  particle  dissolved  but  that  some 
insoluble  pieces  regained,  apivire*  lay  pieces  of  rubber,  which  originally  adhered 
to  the  surface  of  the  aal*  crystal.  Only  part  of  the  surface  appeared  to  be 
.  This  investigation  is  still  in  progress. 


covered  with  rabtvr 
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Oberth  and  Brueimcr(  )  came  to  the  some  conclusion,  when  they  subjected 
polyurethane  specimens  in  which  a  single  steel  ball  of  3  ram  diameter  was  imbedded 
to  tensile  tests:  the  rubber  is  the  determining  factor  in  the  dewetting  phenomenon. 

4.5*  Comparison  with  creep  cnpivlments  performed  previously. 

Tensile  creep  experiments,  up  to  failure,  on  filled  rubbers  were  reported  in 
3 

Technical  Report  no.  5  (  )•  In  a  creep  test,  the  specimen  is  subjected  to  a 
constant  tensile  force,  which  means  that  the  stress  is  constant  or  slightly 
increasing  during  the  test.  In  a  stress -strain  test,  the  strain  rate  is  practi¬ 
cally  constant  so  that  the  stress  may  vary  and  exhibit  the  maximum  in  the  stress 
mentioned  earlier.  For  a  creep  test  the  configuration  af  ;,er  dewetting  is  more  or 
less  unstable,  resulting  in  a  sh.-ap  increase  in  strain  rate  after  dewetting. 

From  Fig,  5  it  follows  that  the  largest  stress  for  a  highly  filled  material 
is  the  dewetting'  stress;  a  creep  test  rath  tliis  material  consequently  measures 
the  dewetting  stress.  For  lower  filled  materials  the  highest  stress  is  the  stress- 
at-break,  as  can  be  seen  from  Figs  ?,  3  &  4*  This  is  the  same  stress  which  is 
found  in  the  creep  experiment.  This  distinction  is  not  of  much  practical  impor¬ 
tance  since  (see  Fig.  19)  it  is  obvious  that,  alter  the  time-reduction,  and  0^ 
fall  on  the  same  curve. 

The  results  obtained  from  the  creep  measurements  as  reported  eat  ier  (®)  are 
inserted  in  Figs  19  and  20.  The  agreement  is  rather  good  despite  the  fact  that 
the  type  of  deformation  in  both  experiments  is  different.  Moreover  it  should  be 
noted  that  specimen  dimensions  and  shapes  were  different.  Because  the  particle 
size  was  not  small  with  respect  to  the  cross  section,  shape  influences  are  likely 
to  appear. 


CENTRAAL  LABORATORIUM  TNO  -  DELFT,  Holland,  Report  No.  CL  67/34  page  15. 


5.  CONCLUSIONS. 

1 .  When  the  filler  content  of  the  filled  polyurethane  rubber  increases  from  0  to 
45/J  by  volume,  the  rupture  stress  decreases  by  a  factor  of  5  at  low  and  by  a 
factor  of  2.5  at  high  temperatures;  the  rupture  strain  decreases  by  a  factor 
of  2  to  10. 

2.  The  theory  of  the  failure  envelope  could  be  applied  to  the  rupture  properties. 

3.  The  stress-strain  curves  of  materials  with  45/^  filler  show  a  maximum  at 
strains  of  about  20,  j.  The  maximum  is  explained  by  assuming  dewetting  of  the 
particles  in  the  matrix. 

4.  The  dewetting  maximum  is  temperature  and  strain-rate  dependent,  in  the  same 
way  as  the  ultimate  properties  of  the  unfilled  rubber.  This  lends  support  to 
the  view  that  dewetting  is  a  failure  of  the  rubber  between  the  filler  particles, 
and  not  a  failure  of  the  bond  between  rubber  and  filler  particles,  nor  a 
failure  of  the  filler  particles  themselves. 
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CAPTIONS  TO  FIGURES. 


Pig.  1 

Pig.  2 

Pig.  3 

Pig.  4 

Pig.  5 

Pig.  6 

Pig.  7 

Pig.  3 

Pig.  9 

Fig.  10 

Fig.  11 

Pig.  12 


Shape  and  dimensions,  in  mm,  of  the  specimens  used  for  stress- 
strain  testing. 

Stress-strain  diagrams  of  unfilled  polyurethanes  at  different 
temperatures  and  strain  rates  as  indicated. 

Stress-strain  diagrams  of  polyurethane  rubber  filled  with  1 5  vol# 
of  sodium  chloride  particles  of  0.1  mm  at  different  temperatures 
and  strain  rates  as  indicated. 

Stress-strain  diagrams  of  polyurethane  rubber  filled  with  30  voljo 
of  sodium  chloride  particles  of  0.1  mm  at  different  temperatures 
and  strain  rates  as  indicated. 

Stress-strain  diagrams  of  polyurethane  rubber  filled  with  45  vol/i 
of  sodium  chloride  particles  of  0.1  mm  at  different  temperatures 
and  strain  rates  as  indicated. 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0.1  mm  at  +30°C. 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0.1  mm  at  0°C, 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0.1  ram  at  -20°C. 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0.1  mm  at  -30°C. 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0,1  mm  at  -35  C. 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0.1  :m  nt  -40°C, 

Stress-strain  diagrams  of  a  polyurethane  rubber  filled  with 
various  amounts  of  sodium  chloride  particles  of  0.1  mm  at  -45°C. 
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Pig.  13 

Pig.  14 


Pig.  15 


Pig.  16 
Pig.  17 


Fig.  18 


Pig.  19 


Fig.  20 


Young's  modulus  E  as  a  function  of  temperature  as  found  from 
various  tests. 

Time-temperature  shift  function  a,p  vs  temperature  for  polyurethane 
rubbers  filled  with  various  amounts  of  NaCl.  Reference  temperature 
is  -35°C.  The  dram  line  is  a  curve  calculated  according  to  Eq.(4) 
with  c^  =  27.6  and  c^  =  38°C. 

Failure  envelopes  for  polyurethane  rubbers  filled  with  0,  15,  30 
and  45  voIJj  of  sodium  chloride  particles  of  0.1  ram. 

Same  as  Pig.  15,  upper  part  of  the  curves. 

Reduced  rupture  stress  vs  reduced  rupture  time  for  polyurethane 
rubbers  filled  with  0,  15,  30  and  45  volg  of  sodium  chloride 
particles  of  0.1  mm. 

Elongation  at  rupture  vs.  reduced  rupture  time  for  polyurethane 
rubbers,  filled  with  0,  15,  30  and  45  vol$.  of  sodium  chloride 
particles  of  0.1  mm. 

Diagram  of  reduced  stresses  as  a  function  of  reduced  rupture  time. 
Plotted  are  rupture  stresses  obtained  from  Pig.  17,  and  from  creep 
experiments,  as  well  as  dewetting  stresses. 

Diagram  of  elongation  vs.  reduced  rupture  tine.  Plotted  are 
elongation  at  rupture  obtained  from  Pig.  18,  and  from  creep 
experiments,  as  well  as  elongation  at  dewetting. 
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TABIZ  1  •  COMPOSITION  AND  PROPERTIES  OF  NaCl-FIUED 
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10 


11 


12 


NaCl-fill&r 

particle 

size 

lim 


s; jelling  23  C 
{>  vol. increase) 


chi  or  o-  I  trichloro¬ 
ethylene 


''(g/ca?) 


1,067 

1.067 

1.067 

1.067 

1.067 

1.067 

1.398 

1.397 

1.398 

1.399 
1.397 
1.235 

1.235 

1.236 

1.235 

1.236 


1.397 
1  -563 

1.565 

1.563 

1.566 

1.564 

1.566 


temperature 
of  teat 
°C 


0,  +30 

-45,  -40,  -35,  -30,  -20,  +30 
+30 

-30,  -20,  +30  ■ 

-40,  0,  +30 
-45,  -35,  +30 
+30 


-45,  -35,  +30 
-40,  0,  +30 
-30,  -20,  +30 


-45,  -35,  +30 

-45,  -40,  -30,  -20,  0,  +30 
-20,  +30 


r/i 


Fig.  3 
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Stress-strain  diagram 
polyurethane  rubber 
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Fig.1* 


Polyurethane  rubber 
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Fig.  18 
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13.  ABSTRACT 


Results  ;irc  presented  of  stress-strain  lasts  perfumed  at  various  tempera mures  ana 
strain  rates  on  materials  filled  with  various  amounts  of  sodium;  chloride  a  reticles  with 
a  moan  sisc  of  0.1  mm.  Stress  and  strain  at  rupture  decreased  with  increasing  filler 
content.  For  each  material  investigated  it  was  possible  to  construct  the  woli-hiisvn  failu 
envelope  by  means  of  which  tin;  results  could  do  described  adequately, 

r.'.o  dcvrettl'v;  of  the  particles  ir,  the  rubber;'  matrix,  sometimes  rc-fultinj  in  a 
i.rjd;.ium  in  the  stros  --strain  curve.*,  is  ascribed  to  failure  of  t»;o  rubber  between  t..o 
particles  ^ind  not  to  failure  o-  the  rnuuor— salt  oonu,  because  cue  do..'otl»..\r  ....am  >» .u* 

dependent  on  temperature  and  tiuo  in  the  same  way  as  the  rupture  proportion  o.  t,.a 
Unfilled  material. 

7no  results  are  compared  with  earlier  iuvootijaUono,  Q.g.  hi^v  epeed  tend., a  teats 
u. .  creep  experiments,  and  a  good  agreement  i«  found. 
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